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We demonstrate a novel optical microresonator gyroscope whose responsivity to rotation is en-
hanced by a factor of around 104 by operating close to the critical point of a spontaneous symmetry
breaking transition between counterpropagating light. We present a proof-of-principle rotation mea-
surement using a resonator with a diameter of 3 mm. In addition, we characterise the dynamical
response of the system to a sinusoidally varying rotation, and show this to be well described by a
simple theoretical model. We observe the universal critical behaviors of responsivity enhancement
and critical slowing down, both of which are beneficial in an optical gyroscope.
I. INTRODUCTION
The ultrahigh quality factors achievable with opti-
cal microresonators offer the possibility of realising a
novel form of optical gyroscope [1, 2] with a fraction
of the size, weight, power consumption, and cost of
fiber-optic gyroscopes (FOGs) and ring laser gyroscopes
(RLGs) [1]. Advances in microfabrication techniques,
combined with innovative methods of measuring the
Sagnac effect [3] in microresonators, are beginning to
make mass-producible, chip-based optical gyroscopes a
real possibility. Examples of such methods include phase
modulation schemes [4, 5], the Pound-Drever-Hall (PDH)
technique [6], and stimulated Brillouin scattering or las-
ing [7, 8]. Several techniques for enhancing the rota-
tion sensitivity have been proposed and demonstrated,
including phase difference traversal [9], dual-resonator
reciprocal measurement [10], tunable dispersion [11],
and the use of exceptional points in non-Hermitian sys-
tems [8, 12, 13]. This last example has attracted con-
siderable interest as the response of the resonator is pro-
portional to the square root of the rotation velocity at
an exceptional point, potentially leading to a sensitivity
increase of several orders of magnitude.
One of the key features of ultrahigh-Q optical microres-
onators is the strong Kerr nonlinearity that they exhibit
at modest input powers of milliwatts or even microwatts,
leading to important effects such as frequency comb gen-
eration [14–16]. Recently, Kerr interaction between coun-
terpropagating light waves in a bidirectionally-pumped
microresonator was found to give rise to spontaneous
symmetry breaking [17–19]. This occurs because the
Kerr interaction between the counterpropagating waves,
a form of cross-phase modulation, is stronger than self-
phase modulation by a factor of 2 in a dielectric solid,
which means that differences between the counterpropa-
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gating circulating powers self-amplify via resonance fre-
quency splittings and consequent pump-resonance detun-
ing differences. As well as enabling novel nonreciprocal
optical components [20] and optical memories [21], this
symmetry breaking drastically enhances the response of
the resonator to rotation [22, 23] and near-field pertur-
bations [24, 25]. This occurs when the system is operat-
ing close to the critical point of the symmetry breaking
transition, with a cube-root response, and hence diver-
gent reponsivity to small rotation velocities, at the criti-
cal point itself. Divergent sensitivity to external pertur-
bations is actually a universal feature of critical points
in general [26], occuring in systems as diverse as the
Higgs mechanism [27], ferromagnetism, liquid-gas critical
points, superconductivity [28] and superfluidity [29]. An-
other such universal feature is critical slowing down [26],
where the characteristic timescale of the system’s re-
sponse to a perturbation diverges towards the critical
point. This manifests itself in our system as though the
rotation velocity signal were being acted on by a low-
pass filter that behaves like an integrator above its cut-
off frequency, which approaches zero towards the critical
point [30].
Here we report on an enhanced gyroscope based on
this principle in a silica microrod resonator [31] with di-
ameter 2.8 mm and Q = 2.9 × 108 coupled to a tapered
optical fiber, using laser light at 1550 nm. We directly ob-
serve both responsitivity enhancement and critical slow-
ing down. Both of these effects are beneficial for a gy-
roscope, as together they cause the system to integrate
rotation velocity to yield rotation angle when it is oper-
ating sufficiently close to the critical point.
II. THEORETICAL BACKGROUND
In an optical ring resonator of diameter D and refrac-
tive index n0 rotating in its plane at angular velocity
Ω, the Sagnac effect causes the resonance frequencies of
counterpropagating pairs of modes at vacuum wavelength
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2λ to differ by an amount [3]
∆ω = 2pi
DΩ
n0λ
. (1)
For 1550 nm light in a silica resonator with a diameter of
a few millimetres, rotating at 1 deg/s, this is just tens of
Hz, which is already 3 to 4 orders of magnitude smaller
than the resonator’s linewidth, even for a state-of-the-art
Q factor of 109 [32]. Thus, to turn such a resonator into a
gyroscope that significantly improves on microelectrome-
chanical systems (MEMS) devices [33], it is necessary to
be able to detect splittings of < 10−5 of the linewidth,
which is extremely challenging with a direct measure-
ment such as via the PDH technique.
Here we investigate how the sensitivity enhance-
ment [22, 23] that exists near the critical point of Kerr-
mediated symmetry breaking between counterpropagat-
ing light fields [17, 19] may be used to overcome this
problem. The basic form of the setup is illustrated in
Fig. 1(a). Monochromatic light of the same power and
frequency is coupled evanescently into a high-Q ring res-
onator in both the clockwise and counterclockwise direc-
tions. The pump power and detuning are chosen so as
to place the resonator close to the critical point of the
symmetry breaking.
Throughout this text, we shall express quantities in
the dimensionless forms listed in Table I. Time is nor-
malised by the inverse half-linewidth 1/γ, and angular
frequencies by γ. Since the dynamics we are interested
in take place over timescales much longer than 1/γ, cav-
ity ringdown effects are negligible, meaning that the val-
ues of p1,2 are directly related to the transmitted powers
detected on the photodiodes in the counterpropagating
directions (see Fig. 1).
In the steady state, p1,2 obey the following pair of si-
multaneous equations [30]:
p1,2 =
p˜1,2
1 + (p1,2 + 2p2,1 −∆1,2)2 . (2)
Note the factor of 2 in front of the counterpropagating
circulating power, which represents the ratio between the
strengths of cross- and self-phase modulation. For sym-
metric pump powers p˜1,2 = p˜ and detunings ∆1,2 = ∆,
the symmetric solution p1,2 = p thus satisfies
p =
p˜
1 + (3p−∆)2 . (3)
For p˜ above the threshold 8/(3
√
3) ' 1.54, a symmetry-
broken regime exists in which the symmetric solution is
unstable and is replaced by two stable asymmetric solu-
tions that map to each other under swapping of the two
directions. The critical points satisfy the condition [30]
(p−∆) (3p−∆) = −1. (4)
This symmetry breaking is illustrated in Fig. 1(b) for
p˜ = 1.8. The upper panel shows how a detuning dif-
ference of just 1% of the half-linewidth causes the two
(b)
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FIG. 1. (a) Simplified schematic of the nonlinear enhanced
microresonator gyroscope. A high-Q optical ring resonator
is pumped equally in both directions with narrow-linewidth
continuous-wave laser light via a tapered optical fiber. The
power and detuning are set so as to place the resonator near
the critical point of the symmetry breaking regime [17, 19] and
the transmitted powers, indicative of the circulating powers,
are detected on two photodiodes (PD). Rotation in the plane
of the resonator causes a difference between the readings on
PD1 and PD2. (b) Top: circulating power p1 in one of the
two directions vs. common-mode (CM) detuning ∆c for three
values of the differential-mode (DM) detuning ∆d and equal
pump powers p˜1,2 = 1.8 (see Table I), showing the sensitivity
enhancement near the critical points (of which we use the
left one). All quantities are in their dimensionless forms (see
Table I). Faint lines correspond to unstable solutions. By
symmetry, the curves for p2 are identical but with ∆d negated,
so when p1 takes the upper blue curve, p2 takes the lower red
one etc. Bottom: Partial derivatives of the DM circulating
power pd with respect to the DM detuning ∆d and pump
power p˜d for the case ∆d = 0 (see Eqs. (5) and (6)).
circulating powers to differ by a large proportion near
the critical points. The responsivity in fact diverges as
the critical point is approached, as shown in the lower
panel, which makes the system useful as a gyroscope since
rotation is directly linked to ∆d. However, the system
is simultaneously divergently responsive to differences in
pump power, which means that the sensitivity to rotation
is limited by the stability of the pump power difference.
These responsivities, for p˜d = pd = ∆d = 0, are given by:
∂pd
∂∆d
=
1
1 + (pc −∆c)(3pc −∆c) (5)
∂pd
∂p˜d
=
2pc(3pc −∆c)
1 + (pc −∆c)(3pc −∆c) . (6)
Note that (3pc − ∆c) > 0, i.e. the laser must be on the
blue side of the Kerr-shifted resonance, for symmetry
breaking to be observed [19]. Furthermore, the region
where the denominator (and hence both derivatives) is
negative corresponds to the unstable symmetric solution
between the two critical points, shown as a faint green
line in Fig. 1(b).
A full analysis [30] shows that very close to the critical
point, the dynamics are governed to leading order by the
3TABLE I. Dimensionless quantities used in this manuscript.
The subscripts 1 and 2 refer to the two counterpropagat-
ing directions, and ‘c’ and ‘d’ to common- and differential-
mode (CM and DM) combinations of these. ηin is the res-
onant in-coupling efficiency equal to 4κγ0/γ
2 where κ, γ0
and γ = γ0 + κ are the coupling, intrinsic and total half-
linewidths respectively. Pin,1,2 and Pcirc,1,2 are the pump and
circulating powers respectively. P0 = pin
2
0V/(n2λQQ0) is the
characteristic in-coupled power required for Kerr nonlinear
effects, where n0 and n2 are the linear and nonlinear refrac-
tive indices, V is the mode volume, and Q = ω0/(2γ) and
Q0 = ω0/(2γ0) are the loaded and intrinsic quality factors
respectively for cavity resonance frequency ω0 (without Kerr
shift). F0 = ∆ωFSR/(2γ0) is the cavity’s intrinsic finesse for
free spectral range ∆ωFSR, ω1,2 are the two pump frequencies
and ∆ is the value of ∆1 = ∆2 at the critical point.
Symbol Description Formula
p˜1,2 Pump powers ηinPin,1,2/P0
p1,2 Circulating powers 2piPcirc,1,2/(F0P0)
∆1,2
Pump detunings from
resonance frequency
without Kerr shift
(ω0 − ω1,2)/γ
δ1,2
Pump detuning offsets
from critical point
∆1,2 −∆
e˜1,2 Pump field amplitudes p˜1,2 = |e˜1,2|2
e1,2
Circulating field
amplitudes
p1,2 = |e1,2|2
1,2
Fractional pump power
perturbations
p˜1,2 = p˜(1 + 1,2)
p˜c,d, pc,d,
∆c,d, δc,d,
c,d
CM and DM
components
For X∈{p˜, p,∆, δ, },
Xc = (X1+X2)/2,
Xd = (X1−X2)/2
equation
y˙ = −y3 + xy + z (7)
where
x =
5p− 2∆
4
δc +
2∆− 3p
4
pc
y =
√
15p2 − 4p∆− 4
8p (3p−∆) pd
z =
√
p (3p−∆) (15p2 − 4p∆− 4)
8
(δd + pd) (8)
in which c and d are CM and DM fractional pump
power purturbations respectively, as detailed in Table I.
III. EXPERIMENTAL METHODS
The optical circuit used in the experiment is summa-
rized in Fig. 2(a). Light from a narrow-linewidth tunable
external-cavity diode laser (ECDL) at around 1550 nm is
EOM
Programmable
filter
AOM1 AOM2
±1 FSR
Power
stabilisation
EDFA1
PD1 PD3 PD4 PD2
EDFA2
Microresonator
ECDL
(a)
(b)
(c) (d)
Power
stabilisation
1% 1%
FIG. 2. (a) Optical circuit of the experiment. ECDL = exter-
nal cavity diode laser, EDFA = erbium-doped fiber amplifier,
AOM = acousto-optic modulator, PD = photodiode, FSR =
free spectral range (of the microresonator, around 23.7 GHz),
1% = 1% directional coupler. (b) Illustration of the inter-
ference effect that prevents us from using the same pump
frequency in both directions. (c) Illustration of a possible
monolithic chip-based realization of the optical circuit that
would not suffer from this interference problem. (d) System
response (difference between readings on PD1 and PD2) vs.
rotation velocity measured using a MEMS gyroscope, indicat-
ing a sensitivity of around 2 deg/s.
amplified before being coupled into the microresonator
via a tapered optical fiber. Due to the fiber-based nature
of the setup, pumping the resonator with the same fre-
quency of light in both directions would have led to a pro-
hibitive problem with interference, depicted in Fig. 2(b).
Unavoidable spurious back-reflections from fiber compo-
nents, connections, etc. would interfere with counterprop-
agating light, and acoustic and thermal noise in the fibers
would cause the relative phase of the interfering waves,
and hence the pump powers seen by the resonator, to
fluctuate. Even if the back-reflections are at the level of
−40 dB, as is typical in our experiment, the pump powers
would vary by a few percent, which in our system would
limit the rotation sensitivity to around one revolution per
second.
To solve this, it was necessary to use different pump
frequencies for each direction. Detuning the two pumps
by a fraction of the resonator’s linewidth, and compen-
sating this with a power difference to get back to the crit-
ical point [19] would have helped somewhat as it would
wash out the interference phase at long timescales. How-
ever, the resonator still reacts to the percent-level oscil-
lating pump power difference at short timescales, mak-
ing it impossible for it to stay on average very close
to the critical point and exhibit the enormous respon-
sivity enhancement associated therewith. To solve this,
the two pump frequencies were offset by the resonator’s
free spectral range (FSR), so that the counterpropagating
waves would continue to have near-perfect spatial overlap
4within the resonator (due to being coupled into the same
mode family) and hence experience the same Kerr inter-
action, whilst the interference would be removed com-
pletely. This dramatically improves the pump power sta-
bilities, allowing the system to remain much closer to the
critical point. However, offsetting the counterpropagat-
ing pump frequencies by one FSR makes the system sen-
sitive to temperature-related drifts in the FSR as these
now translate into pump detuning differences; this in turn
was solved by making one of the pumps an equal compo-
sition of light one FSR higher and one FSR lower than the
other. As shown in Fig. 2(a), this was achieved by send-
ing the light through an electro-optic modulator (EOM)
driven with an RF frequency equal to the FSR, followed
by a programmable wavelength filter. This allowed the
system to be placed at a point where it is first-order-
insensitive to variations in the FSR, which was achieved
by fine-tuning the EOM’s RF drive frequency until the
transmitted powers measured on PD1 and PD2 were lo-
cally stationary with respect thereto.
It is worth noting that splitting one pump into two sep-
arate frequencies increases its effective self-phase modu-
lation strength by a factor of 3/2, since each frequency
experiences a combination of its own self-phase modula-
tion and the twice-as-strong cross-phase modulation from
the other frequency. A full quantitative treatment of this
situation is presented in [30], which shows how the crit-
ical point can be attained by compensating this imbal-
ance through pump power and/or detuning differences.
However, this does not significantly change the critical
dynamics, so that Eq. (2) still holds.
It is important to stress that these somewhat convo-
luted measures for overcoming the interference problem
are likely not to be needed if the optical circuit is re-
alised on a monolithic chip-based platform (illustrated in
Fig. 2(c)), as is the aim for this gyroscope. This is be-
cause the very short optical paths and monolithic nature
of the setup would ensure that the phase of any interfer-
ence remains extremely stable, meaning that both pumps
can have the same frequency without their powers fluc-
tuating significantly.
Turning again to our setup (Fig. 2(a)), the pump pow-
ers were monitored using PD3 and PD4, and continu-
ously stabilised by feeding back to the RF powers driving
AOM1 and AOM2. The RF frequencies to the AOMs
were used to control the pump detuning difference be-
tween the two directions in order to tune the system to
the critical point. The transmitted powers were recorded
via PD1 and PD2. Rotation of the resonator was
achieved by mounting the entire optical circuit except for
the laser and EDFA1, plus some of the electronics, on a
structure suspended from the ceiling that acted as a tor-
sional pendulum. Light was transmitted to this part of
the setup via polarization-maintaining (PM) fibers and
linear polarizers to ensure that the incoming polariza-
tions remained constant as the setup was rotated. Al-
though most fibers on the rotating setup itself were non-
PM, care was taken to minimize the effect of polariza-
tion drift on the pump powers seen by the (polarization-
sensitive) resonator. This was done by filtering the po-
larization just before the pick-offs to PD3 and PD4, by
minimizing lengths of fiber, and by securing any loose sec-
tions of fiber. Fiber polarization controllers were placed
immediately before each polarization-sensitive element of
the circuit. A third pick-off (1% directional coupler) was
placed just after the programmable filter to allow the
spectrum to be monitored on an optical spectrum anal-
yser. Around 50 mW of optical power was sent into the
tapered fiber in each direction.
The angular velocity of the rotating setup was detected
using a chip-based MEMS gyroscope mounted rigidly to
it. This was used to produce Fig. 2(d), in which the
difference between the transmitted powers measured on
PD1 and PD2 – the “response” – was recorded alongside
the MEMS gyroscope reading as the torsional pendulum
setup rotated freely back and forth a few times over the
course of 42 seconds. This measurement indicates a rota-
tion sensitivity of around 2 deg/s, which is limited by the
accuracy with which the pump powers seen by the res-
onator are able to be stabilized due to various sources of
noise in the setup. The resonator’s enhancement factor
∂pd/∂∆d in this measurement was around 10
4.
To characterise the dynamical response of the sys-
tem, it was necessary to perform extended measurements
under rapidly varying angular velocity. Since the tor-
sional pendulum was hand-actuated and had limited al-
lowable angular acceleration, rather than physically ro-
tating the setup in these measurements, the Sagnac split-
ting was simulated by changing the pump detuning dif-
ference ∆d via the AOM driving frequencies. In fact,
since in the region very close to the critical point the sys-
tem is much more sensitive to ∆d than to ∆c, this effect
could be achieved by varying just one of the AOM fre-
quencies; although this would cause both the differential-
and common-mode detunings ∆d and ∆c to change, the
effect of the variation in ∆c was negligible. After adjust-
ing the laser frequency and detuning difference to reach
the critical point, waiting a few minutes for the resonator
to thermalize, optimizing all the polarizations, and tun-
ing the EOM frequency to the aforementioned station-
ary point, the RF frequency to AOM1 was modulated
sinusoidally at 500 Hz and a lock-in measurement of the
system’s response to this was made. This measurement
was performed for a range of both ∆c (accessed via the
laser frequency) and the DC offset of ∆d (accessed via the
DC offset to the driving frequency of AOM1), over the
course of several hours. To compensate for any thermal
drift in the FSR that would take the system away from
the stationary point, the EOM frequency was automati-
cally adjusted back to this point at regular intervals. This
was achieved by modulating it at 10 kHz, performing an
in-phase lock-in measurement of the system’s response,
and stabilizing this to zero by feeding back to the EOM
frequency’s DC offset, before turning off the modulation
and retaining the offset’s last value.
The readings on PD1 and PD2 were converted to the
5dimensionless quantities p1,2 by the following procedure:
firstly, quantities proportional to p1,2 and which shall be
referred to as “coupled powers”, were calculated as the
differences between the photodiode readings and their
“baseline values” taken when the pump was completely
out of resonance. Next, the value of p/p˜ at the crit-
ical point was calculated as the mean of the two ratios
p1,2/p˜1,2 between the coupled powers at the critical point
and at maximum coupling (when the pump is perfectly
on resonance and p1,2 = p˜1,2). This was then used to
find p (along with ∆) at the critical point by combining
Eqs. (3) and (4), thus giving the constants of proportion-
ality between the coupled powers and p1,2.
Values of δd = ∆d were found by dividing the detun-
ing difference offset from the critical point by twice the
cavity half-linewidth γ, which was measured using a cav-
ity ringdown technique [34] to be around 2pi × 330 kHz.
Furthermore time and angular frequency of modulation
are normalised by 1/γ and γ, respectively. Importantly,
the thermal shift of the resonance frequencies in silica
resonators is huge [35], at almost two orders of magni-
tude larger than the Kerr shift. This meant that ∆c, or
its offset δc from the critical point, could not be obtained
directly from the laser frequency. Instead, they were cal-
culated from pc and the critical point values p and ∆
via the relation ∂pc/∂∆c = 1/4 that holds at the critical
point.
IV. RESULTS AND DISCUSSION
Figure 3(a) shows the differential-mode circulating
power pd vs. the common-mode detuning offset δc from
the critical point, for six downward sweeps of the laser
frequency across the critical point. Note that pd ran-
domly chooses one sign or the other during each sweep as
the detuning passes the critical point. These are overlaid
with the stable steady-state solutions to Eq. (7) for z = 0,
namely y = 0 for x < 0 and y = ±√x for x > 0. The
scaling factors from x and y to δc and pd are calculated
from the experimentally determined values of p = 1.02
and ∆ = 1.85 at the critical point via Eq. (8). The
fact that the curvature of the parabola matches the data
without fitting provides validation for the model. The
dashed rectangle in Fig. 3(a) indicates the region shown
in (b–g).
Figure 3(b–d) depict the system’s measured response
to a sinusoidally modulated DM detuning offset
δd = δ
DC
d + δ
AC
d cos(Ωmodt), (9)
where δACd and Ωmod are 8.4×10−4 and 1.5×10−3 respec-
tively in dimensionless units. Each data point represents
a measurement lasting 100 ms, or 50 periods of the mod-
ulation, from which both the time averages of both the
DC and demodulated DM circulating power,
pDCd = 〈pd〉 and pACd = 2
〈
pde
iΩmodt
〉
(10)
(a)
(b)
(c)
(d)
(h)
(e)
(f)
(g)
(i)
Experiment Simulation
FIG. 3. Experimental results (a–d, h) with theoretical curves
(a) and simulations (e–g, i) based on our simplified critical
dynamics model with no free parameters. All quantities are
given in their dimensionless forms (see Table I and Eqs. (9)
and (10)). (a) Differential-mode (DM) circulating power pd
vs. common-mode (CM) detuning offset from critical point
δc for six sweeps of the laser frequency, showing the symme-
try breaking in either direction, with theoretical curves over-
laid. (b–g) Magnitude (b, e) and phase (c, f) of the demodu-
lated AC response pACd to a sinusoidally modulated rotation
at 500 Hz (1.5×10−3 in dimensionless units) vs. CM detuning
offset δc and DC response p
DC
d for a range of DM detuning
DC offsets δDCd (d, g). Rather than physically rotating the
setup, the detuning difference between the pumps was modu-
lated via the RF frequency to AOM1 (see Fig. 1) to mimic the
Sagnac splitting. The (half peak-to-peak) modulation ampli-
tude was 560 Hz, or δACd = 8.4× 10−4 in dimensionless units,
corresponding to 23 deg/s of rotation velocity. (h, i) System
response pd vs. time (normalised by the inverse half-linewidth
1/γ) for four different sets of parameters δc and δ
DC
d indicated
by correspondingly-colored crosses in (b–g), alongside the in-
put modulation signal δd − δDCd .
6respectively, were obtained. Throughout the measure-
ment period, the laser frequency was scanned with a
0.1 Hz triangle wave over a range of more than 100 MHz
(due to the large thermal nonlinearity of silica discussed
at the end of Section III [35]), to access a range of
common-mode detunings δc. The value of δc for each
data point was derived from the time-averaged measured
value of pc as discussed at the end of Section III. After
every 1000 data points, the value of the DC DM detuning
δDCd was changed, and was cycled in ths way through 70
values evenly spaced in the range ±4× 10−3.
The magnitude and phase of pACd , as well as δ
DC
d ,
are respresented by the colors of the data points in
Fig. 3(b–d) respectively, in all of which the horizontal
and vertical coordinates are δc and p
DC
d respectively. The
reason why pDCd rather than the independent variable
δDCd is used as the vertical axis is because there is noise
on the pump power difference that has a very similar
effect to noise on δDCd . Even though this noise is at
the level of 10−4, it is significant in this measurement
since the system’s responsivities to fractional differences
in pump power and to differences in normalised detuning
are roughly equal, as can be seen from the expression for
z in Eq. (8). Despite all the steps taken to reduce relative
pump power fluctuations in the setup, there were still a
few sources of this noise. Plotting the data in this way
allows panels (b) and (c) to remain unaffected by this
noise.
From Fig. 3(b) we can see a dramatic increase in the re-
sponsivity around the critical point, which is a universal
feature of critical dynamics. From Fig. 3(c) we observe
a phase lag in the AC response approaching pi/2, which
shows that the system is acting more like an integrator
than a proportional amplifier. This is a clear indicator of
critical slowing down, another universal critical behav-
ior [26]. Although it is responsible, together with the
aforementioned noise, for limiting the maximum AC re-
sponsivity, it is also useful as it allows the gyroscope to
measure rotation angle rather than simply rotation ve-
locity.
The data for δDCd vs. δc and p
DC
d (Fig. 3(d)) were fit-
ted with a theoretical function based on the steady-state
solution to Eq. (7), and the residuals of this fit vs. time
were then used to find the frequency spectrum of the
equivalent noise on δDCd . As expected due to the multi-
ple sources of noise, the power spectral density (PSD) has
an approximate overall 1/f dependency; a fit of this func-
tion to the PSD vs. frequency (on a log-log plot) gives a
coefficient of 1.5×10−9 in units of δ2d, which in our setup
is equivalent to an rms noise on the measured rotation
velocity of around 0.25 deg/s/
√
Hz at 1 kHz. The mea-
surement noise in units of δd is approximately equal to
the noise on the DM fractional pump power d, and can
be reduced by moving to a monolithic chip-based waveg-
uide circuit as illustrated in Fig. 2(c). On such a plat-
form, the pump power difference and polarizations would
be passively stable, rather than relying on separate feed-
back circuits and polarization filters for each direction.
In addition, the orders-of-magnitude-lower path length
noise would mean that interference from back-reflections
(see Fig. 2(b)) would not lead to significant pump power
fluctuations, and thus the same pump frequencies could
be used in both directions, greatly simplifying the cir-
cuit. The only active element that would be required
in the optical circuit would be a variable attenuator for
fine-tuning the balance between the two pump powers,
which could be based on any of a number of electro-optic
or thermo-optic effects. Furthermore, for a given noise
level in units of δd, the noise level on the measured rota-
tion velocity can be reduced by increasing the Q factor
or diameter of the resonator, as can be seen from Eq. (1)
and the relation ∆ω = 2γδd.
Figure 3(h) shows some traces of pd vs. dimensionless
time γt for the different values of δc and p
DC
d , alongside
the sinusoidal modulation curve of δd with the DC offset
removed. The greatly increased gain of the system, both
to the sinusoidal modulation of δd and to the noise on
pd, near the critical point is apparent by comparing the
traces. Note also how for the green trace, which occurs
just inside the symmetry-broken region, a relatively large
excursion in the noise that coincides with the correct part
of the modulation cycle can cause pd to switch momen-
tarily from one symmetry-broken state to the other.
Figure 3(e–g, i) show the correponding results of a sim-
ulation of Eq. (7) with the same parameters as in the
experiment, with the scaling factors between the dimen-
sionless experimental variables and x, y and z calculated
using Eq. (8). In the simulation, 1/f noise was added
to the sinusoidally-modulated input variable z with the
same coefficient as was obtained from the fit to the exper-
imental noise spectrum. The experimental and simulated
plots agree well, with any discrepancy originating from
uncertainty in the measured values of parameters such
as γ, as well as from the slight asymmetry of the system
due to the two pump frequencies being sent in one of the
directions (see Section III).
V. CONCLUSION AND OUTLOOK
We have demonstrated a proof-of-principle nonlin-
ear enhanced microresonator gyroscope that operates
at the critical point of Kerr-induced symmetry break-
ing between counterpropagating light in a bidirection-
ally pumped ring resonator. Rotation in the plane of
the microresonator causes a tiny ‘seed’ splitting between
the counterpropagating resonance frequencies due to the
Sagnac effect, which is then amplified by four orders of
magnitude via a positive feedback cycle between reso-
nance splittings and circulating power differences. It can
then be ‘read off’ from the microresonator as a large dif-
ference between the in-coupled powers in the two direc-
tions.
In addition to demonstrating rotation measurement
with a sensitivity of around 2 deg/s, we have charac-
terised the dynamical response of the system to a sinu-
7soidally varying simulated rotation generated by mod-
ulating the pump detuning difference. These measure-
ments were shown, via a numerical simulation, to be well
described by a simple theoretical model for the system’s
critical dynamics [30], and provide direct evidence for
two universal critical behaviors, namely responsivity en-
hancement and critical slowing down.
At the critical point, the system exhibits divergent re-
sponsivity not only to rotation, which is equivalent to
pump detuning differences between the two directions,
but also to pump power differences. This means that
in order to achieve a certain rotation sensitivity, it is
necessary to stabilise the pump power difference to an
equally high degree, since the system responds about
equally to a certain fractional pump power difference
as it does to a Sagnac splitting that is the same frac-
tion of the linewidth. We believe that by moving to a
monolithic chip-based platform with waveguide circuits
and resonators, differential pump power stabilities or-
ders of magnitude higher than in this experiment could
be achieved passively, and by also increasing the Q fac-
tor and/or diameter of the resonator, rotation senitivi-
ties approaching those of today’s fiber optic or ring laser
gyroscopes could be achieved in a simple device with a
fraction of the size, weight, power consumption, and cost.
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